In this paper, a compact, wideband, and high-efficiency substrate integrated waveguide (SIW) feeding cavity-backed aperturecoupled magneto-electric (ME) dipole antenna element and its array are proposed. Firstly, an SIW cavity-backed and a modified bowtie dipole are designed for the antenna element which makes it possess a high gain and wide impedance bandwidth. e antenna element covers an impedance bandwidth of 66.3% from 10.7 to 21.3 GHz with a peak gain of 10.3 dBi. Secondly, a 4 × 4 array is designed using the proposed antenna element. And a full-corporate substrate integrated waveguide feeding network is introduced to excite the array elements for the antenna application with wide bandwidth and high efficiency. For validation, a prototype of 4 × 4 array is fabricated by standard printed circuit board (PCB) facilities and further measured. e measured − 10 dB impedance bandwidth of the proposed 4 × 4 antenna array is 30% (12.75-17.25 GHz) with its gain being 18.2-20.9 dBi within the entire band. e measured maximum aperture efficiency of the antenna array is 94% at 14.92 GHz. Notably, the measured results agree well with simulations, and it shows great advantages over other similar antennas on efficiency and bandwidth.
Introduction
In recent years, radar systems have received widespread attention for their ability to detect, identify, and monitor a variety of targets. Many of its most recent advances include a reduction in overall weight and an increase in performance rate [1] . Particularly, due to the high propagation loss and the limited transmit power, the development of high-gain planar antennas with high efficiency and wide bandwidth is promising for vital applications in radar systems at Ku-band. However, most of the antenna arrays usually suffer from narrow impedance bandwidth or low efficiency; how to simultaneously achieve a wider impedance bandwidth and higher efficiency is a key issue that needs to be solved. e antenna arrays always include a number of antenna elements, and the performance of the antenna element is especially important for antenna arrays. erefore, a great interest has been addressed to the design of wideband and high-gain antenna element. Microstrip patch or slot antenna has been widely studied and applied in many radar or communication systems due to many advantages like its light weight, low profile, low cost, and ease of integration [2] . However, it usually suffers from narrow impedance bandwidth or unstable radiation patterns within the operating bandwidth. Although various techniques have been successfully developed to enhance bandwidth, including the use of stacked patches, coupling slots, or shorting vias [3] [4] [5] , the radiation characteristics of the antenna vary significantly within the operating bandwidth. A wideband unidirectional antenna, which is commonly known as magneto-electric (ME) dipole antenna, was proposed in [6] . e antenna using the theory of complementary antenna which has advantages of wide bandwidth and stable unidirectional radiation patterns with low cross-polarization and low back radiation. What is more, several improved designs for enhancing its impedance bandwidth and gain have been proposed [7] [8] [9] [10] [11] [12] [13] ; the methods mainly include loading parasitic patches, increasing open slots, or using EBG style [7] [8] [9] [10] . Although these antennas can achieve a wider bandwidth, their structures are large and complicated, and the metal manufacturing process increases the difficulty and cost. As a mature technology, the printed circuit board (PCB) process is widely used in microstrip-based and SIW-based antennas, due to its low cost and simple processing [11] [12] [13] [14] . In [12] , a new wideband ME dipole antenna, realized by using standard PCB technique, is proposed for 60-GHz millimeter-wave applications; the antenna has a simple structure and is convenient in design. However, the antenna is fed by the probe, which is not convenient to the connection of the feeding network if it is used as an array element. In [13] , a wideband cavity-backed ME dipole antenna is excited by a stripline aperture-coupled feeding structure to reach wide bandwidth and high gain. However, the size of the antenna is large, and the metallic cavity-backed increases its weight and the cost of fabrication. erefore, it is very necessary to design a compact and wideband antenna element with high gain.
Significant progresses have been made on the bandwidth enhancement and gain improvement for the ME dipole antennas with PCB technique. However, the antenna efficiency is also affected by the loss of the feeding network.
erefore, besides the antenna element, the feeding network is also an important factor affecting the bandwidth and efficiency of the antenna array. Due to the advantages of low profile and easy integration with planar circuits, microstrip planar transmission lines are widely used in feeding networks for antenna arrays. However, they have high radiation loss and dielectric loss [15] , so they are not suitable as a feeding network at high frequencies.
e metallic waveguides, including conventional rectangular waveguides, hollow waveguides, and gap waveguides, due to the advantage of low loss at the high-frequency bands, are promising for the high-efficiency antenna arrays [16] [17] [18] [19] [20] . However, the metal waveguide is bulky, heavy, and expensive to manufacture, which is not suitable for mass production. In [21] , a planar antenna array using printed ridge gap waveguide technology was proposed, which is selfpackaged with low loss. However, this array has high design complexity and requires high production accuracy especially at high frequencies. SIW inherits the merits from both microstrip lines and metal waveguides and has the advantages of low transmission loss, low fabrication costs, ease of integration, and so on. erefore, it has been widely used in antenna arrays [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Series feeding networks based on SIW have lower transmission loss and excellent radiation performance. However, large antenna arrays with series feeding networks suffer from narrow bandwidth [23] [24] [25] . erefore, SIW full-corporate feeding networks, due to their ability of low loss and wide bandwidth, have been widely used in planar patch or slot antenna arrays in recent years [26] [27] [28] [29] [30] [31] [32] [33] . In [33] , a wideband ME dipole antenna element and its array is proposed with good unidirectional radiation performance. However, the research found that as the impedance bandwidth expands, the radiation pattern of the element will be asymmetry. erefore, a wideband highefficiency cavity-backed ME dipole antenna arrays using PCB technique with full-corporate SIW feeding networks is seldom proposed.
In this paper, a compact, wideband, and high-efficiency SIW cavity-backed aperture-coupled magneto-electric dipole antenna element and its 4 × 4 antenna array is designed based on the full-corporate SIW feeding networks. In order to increase the gain of the antenna element, a SIW cavity-backed is introduced. And two open gaps are etched onto the bowtie dipole patch to extend the impedance bandwidth of the antenna. To achieve better impedance matching, a modified bowtie dipole is designed. A 2 × 2 subarray is formed by adopting a four-way aperture-coupled power divider. Based on the 2 × 2 subarray and full-corporate SIW feeding networks, a 4 × 4 antenna array is designed. Finally, to further validate the capability of the proposed antenna, a 4 × 4 antenna array is designed, fabricated, and tested.
Antenna Configuration
ME dipole antenna comprises a magnetic dipole and an electric dipole, which is a complementary antenna. e theory of complementary antennas and their complementary patterns are described in [6, 8] . When the electric dipole and magnetic dipole are excited simultaneously, their radiation patterns are synthesized. Due to the complementarity of their patterns, the forward radiation of the ME dipole is enhanced and the backward radiation is offset. erefore, a unidirectional radiation pattern can be generated. Figure 1 shows the configuration of the proposed wideband magneto-electric dipole antenna element. e proposed antenna consists of two components: a radiating part and a feeding part, which is etched, respectively, on two F4BM substrates with a relative permittivity of ε r � 2.2. An exploded view of the proposed wideband magneto-electric dipole antenna element is illustrated in Figure 1(d) . e radiating part is the whole ME dipole antenna, which is built in substrate 1 with a thickness of h 1 � 3 mm. Two pairs of modified horizontal planar bowtie metallic patches are printed on the top surface of substrate 1, which together operate as the electric dipole, as shown by the red arrow in Figure 1 (d). Each bowtie metallic patch is connected to the ground through three vertical metalized via-holes. e metalized via-holes with a diameter of d v � 0.5 mm and a pitch of d f � 0.8 mm are arranged in rows on the inside of the bowtie metallic patch as the shorted wall, as shown in Figure 1 (a). A SIW cavity-backed is formed by SIW, a bottom printed metal surface and a top open rectangular slot. Two pairs of modified planar bowtie metallic patches are surrounded by a SIW cavity-backed to obtain a high gain and good unidirectional radiation characteristics. e gap between the two pairs of modified planar bowtie patches and the two gaps between the bowtie patches and the sidewalls of SIW cavity-backed are operated as the magnetic dipoles, as shown by the blue arrow in Figure 1(d) . e feeding part of the proposed antenna element is the SIW aperture-coupled feeding structure, which is processed on substrate 2 with the thickness of h 2 � 2 mm. e top surface of substrate 2 is directly connected to the radiating part. A feeding slot with a length of s l and width of s w is etched on the top surface of substrate 2, which is used to feed the ME dipole antenna. e details of the feeding part are shown in Figure 1 Table 1 .
Antenna Design and Analysis
3.1. Design Process. Figure 2 shows the structure of the proposed antenna element and three reference antennas. e three reference antennas are shown in Figures 2(a), 2(b), and 2(d), respectively. e corresponding reflection coefficient and gain are displayed in Figure 3 . e previously proposed antenna in [13] has a wide bandwidth and good radiation characteristics. However, the size of the antenna is larger than 2λ 0 , and the feeding of the microstrip line increases the transmission loss, and the metalized cavitybacked increases the difficulty of processing. e antenna element in [33] can achieve a compact structure, but its structure limits the impedance bandwidth of the antenna element and also causes the asymmetrical radiation pattern at high frequencies. us, a PCB process is applied to reduce costs and facilitate production in the design of the proposed antenna. And an improved design of antenna element is introduced to achieve broadband and compactness of the element. In the Ant. 1, a SIW cavity-backed is introduced, instead of the metal cavity, to increase the gain and improve the compactness of the proposed antenna, and a SIW aperture-coupled feeding is applied to improve the transmission efficiency and achieve a stable radiation pattern. erefore, a modified SIW feeding cavity-backed aperturecoupled ME dipole antenna element is designed, as shown in Figure 2 (a). Although Ant. 1 can achieve high gain, the impedance matching of Ant. 1 is very poor. To achieve good impedance matching, two open gaps are etched onto the dipole patch, a pair of ME dipoles is divided into two parts and moved to the sides of the SIW cavity, respectively, in Ant. 2, as shown in Figure 2 (b). In Figure 3 (a), it can be found that three resonance points appear in the operating band, and the impedance bandwidth is improved. To obtain a wide impedance bandwidth and better impedance matching for S11 < − 15 dB and then to design an antenna
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International Journal of Antennas and Propagation 3 array with wider impedance bandwidth based on reference Ant. 2, the conventional rectangular dipole patch is modified to a bowtie shape in Ant. 3, as shown in Figure 2 (c). In Figure 3 (a), it can be found that an additional resonant mode is excited at 19.5 GHz, and the resonant depth of the antenna element is deepened within the entire bandwidth. By combining multiple resonant modes, the impedance bandwidth of Ant. 3 is further expanded, and a wider impedance bandwidth with good impedance matching is obtained.
To further understand the impact of the SIW cavity on the performance of the proposed antenna, reference Ant. 4 without the SIW cavity is designed for comparison, as shown in Figure 2 (d). In Figure 3 (a), it can be seen that, with the introduction of the SIW cavity-backed, two new resonance points are excited at the higher frequency band due to the coupling between the dipole patch and the edge of the SIW cavity. e impedance bandwidth of the proposed antenna is expanded at both lower and higher frequencies. erefore, it can be concluded that both the dipoles and the SIW cavity play a significant role in the impedance matching of the element. e wide impedance matching characteristic of the proposed antenna element is the result of the dipoles and the interaction between the dipoles and the SIW cavity. And it can be seen that the gain of the proposed antenna with SIW cavity-backed is also significantly improved within the bandwidth of 12-21 GHz, shown in Figure 3 (b).
Character Analysis of the Proposed Antenna.
To further understand the working mechanism of the proposed cavitybacked aperture-coupled ME dipole antenna element, the simulated electric current and E-field distributions throughout the radiating aperture of the proposed Ant. 3 and the top surface of the antenna element are studied. Figures 4(a)-4(d) show the electric current and E-field distributions at time (t) � 0, T/4, T/2, and T, respectively, where T is the period. As shown in Figure 4 (a), at time t � 0, the maximum of the current distribution mainly appears on the outer edge of horizontal bowtie patches, whereas the current distribution on the vertical metalized via-holes is minimized, which is similar to the current distribution on a planar electric dipole. e direction of the electric current is mainly along the horizontal direction. erefore, at time t � 0, the electric dipole mode in the horizontal direction is motivated. In addition, the E-field of the radiating aperture is also mainly along the horizontal direction, which is the same as the direction of the electric current. At time t � T/4, in Figure 4 (b), the electric current on the horizontal bowtie patches is minimized, whereas the current distribution is mainly concentrated on vertical metalized via-holes. Moreover, the electric current over the left half and right half of the radiating aperture is in the opposite direction. And the directions of the electric current on the bowtie dipoles and on the sidewalls of SIW cavity are also opposite to each other. erefore, the current loops, which radiate as three magnetic dipoles, are strongly excited. e electric field, along the horizontal direction, is mainly distributed in three radiating apertures which consist of a gap between the four bowtie patches and two gaps between the bowtie patches and the sidewalls of the SIW cavity, which is similar to the electric field distribution on magnetic dipoles. e direction of the electric field is also mainly along the horizontal direction. erefore, at time t � T/4, the equivalent magnetic dipole mode is motivated. Similarly, at time t � T/2, the electric dipole is excited again with the opposite direction to the mode at time t � 0. And at time t � 3T/4, the magnetic dipole is excited again with the opposite direction to the mode at t � T/4. erefore, the complementary electric and magnetic dipoles simultaneously operate and result in a stable unidirectional radiation pattern of the proposed antenna with low back lobe and low cross-polarization.
Simulated Results of the Antenna Element.
e full-wave simulated results of reflection coefficient and gain of the proposed antenna element are shown in Figure 5 , which shows that the impedance bandwidth of the proposed antenna element reaches 66% (10.7-21.3 GHz) for |S11| < − 10 dB, and the simulated maximum gain is 10.3 dBi at 20.5 GHz. e simulated radiation patterns in both the E-plane and H-plane at 12 GHz, 16 GHz, and 20 GHz are shown in Figures 6(a) and 6(b). Good unidirectional radiation characteristics and stable radiation pattern are obtained within the entire band. e cross-polarizations are less than − 30 dB in both planes. e comparison between the proposed antenna element and the previously reported antenna elements has been shown in Table 2 . It shows that the proposed antenna element has a wider impedance bandwidth and higher gain than all reported antenna International Journal of Antennas and Propagation elements. In particular, the size of the proposed antenna element is smaller than the reported antenna elements listed in Table 2 . And the profile of the proposed antenna is lower than the reported antennas [26] - [29, 33] . erefore, the structure of the proposed antenna is compact, and it is very beneficial for the design of the antenna array. All in all, the proposed antenna element has great advantages in terms of bandwidth, gain, and size. And all the characteristics of the proposed antenna element prove that it is suitable for wideband high-gain antenna array design.
Antenna Array Design
4.1. 2 × 2 Subarray. A compact, wideband, and high-gain cavity-backed aperture-coupled ME dipole antenna element has been proposed in the previous section. In order to obtain a higher gain, a 2 × 2 subarray is designed based on the proposed ME dipole antenna element, as depicted in Figure 7 . e spacing between the antenna element is 16.5 mm in both x-and y-directions. A corporate SIW feeding network is introduced to feed the 2 × 2 subarray, which is two-layer and consists of substrate 2 and substrate 3, as shown in Figures 7(b) and 7(c). In the corporate SIW feeding network, a coupling slot is etched on the top surface of SIW in substrate 3, which is used to couple the energy from substrate 3 to substrate 2. Four coupling slots are etched on the top surface of SIW in substrate 2, and the coupled energy can be divided into four parts to excite four antenna elements through four coupling slots. In order to better show the overall structure of the proposed antenna, an exploded view of the proposed 2 × 2 subarray is shown in Figure 8 . e optimized dimensions of the proposed 2 × 2 subarray are given in Table 3 . e simulation model of the proposed feeding network of 2 × 2 subarray is shown in Figure 9 . And the simulated results of the four-way power divider are shown in Figure 10 . e impedance bandwidth of the power divider for |S11| < − 10 dB is 35.4% over a 12.1 to 17.3 GHz frequency range. In Figure 10 (b), it can be seen that there is a slight difference in the magnitude between output ports 2-5. e reason for the power imbalance is that an imbalance electric field distribution occurs in the slot-coupling feeding port. In Figure 10 (c), it shows that the phases at output ports 2 and 3 and output ports 4 and 5 are reversed. In order to achieve the same phase excitation, four coupling slots are symmetrically etched on both sides of the feeding network. e simulated magnetic field distribution in substrate 2 at 15 GHz is shown Figure 11 . It can be seen that the energy from substrate 3 is divided into four parts of the TE 10 mode. erefore, the mode supported by SIW is TE 10 mode. e full-wave simulated results of reflection coefficient and gain of the 2 × 2 subarray are shown in Figure 12 . e simulated impedance bandwidth of the proposed 2 × 2 subarray for |S11| < − 10 dB is 31.2% ranging from 12.7 to 17.4 GHz, and the maximum gain is 15.2 dBi. e simulated radiation patterns in both E-plane and H-plane at 13 GHz, 15 GHz, and 17 GHz are shown in Figure 13 . It can be seen that the 2 × 2 subarray has good unidirectional radiation characteristics and low cross-polarization. e cross-polarization level is lower than − 40 dB in both planes. However, the radiation pattern of the subarray is slightly asymmetrical at high frequencies.
e reason is that, within a wide impedance bandwidth of 35.4%, the wavelength becomes shorter with the increasing of the frequency, and an imbalance electric field distribution occurs in the slot-coupling feeding port on the bottom layer.
erefore, the power distribution in the feeding network is unbalanced, which may affect the symmetry of the radiation pattern.
4 × 4 Array.
To satisfy the requirements of high gain in the application, based on the 2 × 2 subarray, a 4 × 4 ME dipole antenna array antenna with a two-layer full-corporate SIW feeding network is designed. Four 2 × 2 subarrays are simultaneously excited through a planar four-way H-shaped power divider built in substrate 1. Figure 14 shows the configuration of the proposed wideband ME dipole antenna array. Figure 14(a) shows the top view of the radiation structure in substrate 3; it includes 16 radiating elements. e corporate SIW feeding network in substrate 2 of the proposed antenna array is shown in Figure 14 (b). It consists of four identical 1-4 SIW power dividers, which are used to excite 16 radiating elements with equal amplitude and in phase, simultaneously. Figure 14(c) shows that a planar four-way H-shaped feeding network is built in substrate 1. Four coupling slots on the top surface of SIW in substrate 1 are etched on the same side of the SIW H-shaped power divider for the same phase excitation of the subarray. In order to further show the overall structure of the proposed array, an exploded view of the proposed 4 × 4 cavity-backed aperture-coupled ME dipole antenna array is shown in Figure 15 . Moreover, a wideband grounded coplanar waveguide (GCPW) to SIW transition is designed for antenna measurement [22] , as shown in Figure 14 (c). e structure of SMA-to-SIW is shown in Figure 15 . e simulated S-parameters of SMA-to-SIW are shown in Figure 16 . It shows that the transmission structure has wide transmission bandwidth and low loss. e dimensions of the feeding structure are given in Table 4 .
Briefly, the steps of the design of the antenna can be summarized as follows:
(1) According to the operating frequency, select the width of the substrate integrated waveguide (SIW), and make the SIW-feedline propagate the main mode (TE 10 mode) within the working bandwidth.
And design the size of the dipoles and cavity, and make the antenna element work in wide frequency bandwidth. (2) Design 1-4 power dividers, and then by combining four antenna elements with the designed power divider, design a 2 × 2 subarray. (3) Design another 4-way H-shaped SIW power divider, and expand the designed 2 × 2 subarray to a 4 × 4 array. (4) Design a transition structure from SIW to grounded coplanar waveguide (GCPW) with wide impedance bandwidth and to connect an SMA connector. Gain (dBi)   13  14  15  16  17  18  12 Frequency (GHz) |S 11 | Gain 
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Experimental Results
To further validate the capability of the design, a prototype of the proposed 4 × 4 cavity-backed aperture-coupled ME dipole antenna array was fabricated and tested, as shown in Figure 17 . e overall size of the fabricated antenna array is 72 mm × 82 mm × 6 mm. e simulated and measured reflection coefficient of the proposed antenna array are illustrated in Figure 18(a) . A good agreement between simulated and measured results is obtained. e simulated and measured fractional impedance bandwidths of the proposed antenna array are 29% from 12.9 to 17.3 GHz and 30% from 12.75 to 17.25 GHz for |S11| < − 10 dB, respectively. e radiation performance of the proposed antenna array was measured by using far-field measurement system. e gain of the array was obtained by comparison with a standard horn. e simulated and measured gain results are depicted in Figure 18(b) , and it shows that the measured gain range is 18.2-20.9 dBi. e simulated and measured gain results share similar trends, but the measured gain is about 1.0 dB lower than the simulated results at higher frequencies. e main reason for this difference is that fabrication error and material loss are larger at high frequencies. Moreover, in the process of measurement, the performance of the antenna array is more easily affected by the test environment at high frequencies.
In addition, the simulated radiation efficiencies for 4 × 4 are above 90% within the impedance bandwidth. e measured radiation efficiency can be calculated by comparing the simulated directivity and the measured gain [26] . en, the measured radiation efficiency of the 4 × 4 array is 91.9% at 14.92 GHz.
In the design of the proposed cavity-backed ME dipole array, for ease of installation, the outer edge of the proposed antenna array is widened. However, its size of the outer edge has little effect on the radiation performance of the proposed antenna array due to the introduction of the semiclosed cavity-backed structure. erefore, the effective physical aperture area of the proposed antenna array can be defined by the physical aperture area of the semiopening cavity, which has an area of 64.5 mm × 64.5 mm.
e measured maximum gain is 20.9 dBi at 14.92 GHz. en, as the same in [26] [27] [28] [29] [30] [31] [32] [33] , the maximum aperture efficiency of the antenna array can be calculated by the following equation:
where G is the measured maximum gain and S is the effective physical aperture of the proposed antenna array, and the definition of effective physical aperture is the same as that in [26] [27] [28] [29] [30] [31] [32] [33] . e maximum aperture efficiency of the antenna array can be calculated as 94% at 14.92 GHz. e simulated and measured aperture efficiency of the antenna array within the entire band is shown in Figure 19 . e simulated and measured normalized radiation patterns in both E-plane and H-plane at 13 GHz, 15 GHz, and 17 GHz are described in Figure 20 . e measured results are consistent with the simulation results. Stable unidirectional radiation patterns can be observed within the operating frequency band. e measured cross-polarization level is less than − 20 dB at boresight. However, due to the impact of the test environment and fabrication accuracy, there is a deviation between the measured and simulated results about the side lobes and the cross-polarization levels. What is more, due to the small size of the antenna array, the influence of the feeding cable setting near the antenna in the measurement cannot be ignored. In general, good radiation performance is achieved by combining broadband high-gain radiating elements with low-loss full-corporate SIW feeding networks. erefore, the wideband high-efficiency antenna array can satisfy the application requirements well and has great potential in future antenna applications. Table 5 shows the comparison between the proposed antenna and the previously reported antennas. Observations of Table 5 show that the proposed antenna array has a wider impedance bandwidth and higher gain than the reported antennas [19] [20] [21] [26] [27] [28] [29] [30] [31] [32] [33] . Moreover, the aperture efficiency of the proposed antenna array is also higher than all antennas proposed earlier in [19] [20] [21] [26] [27] [28] [29] [30] [31] [32] [33] . Although the bandwidth of the SIW cavity-backed slot array in [32] is wide, and its radiation elements are composed of multilayer structures with a high profile and large size. Moreover, the structure is complicated and the cost is higher. erefore, compared to the antennas referred above, the proposed antenna has a more compact structure, wider impedance bandwidth, and higher efficiency and gain.
Conclusion
In this paper, a compact, wideband, and high-efficiency SIW feeding cavity-backed aperture-coupled magneto-electric dipole antenna array has been presented and investigated at Ku-band. A SIW cavity-backed is introduced to increase the gain and improve unidirectional radiation characteristics. A modified bowtie magneto-electric dipole is used to improve antenna impedance bandwidth. e high-gain radiation elements combined with low-loss full-corporate substrate integrated waveguide feeding networks are used to design antenna array for high efficiency. A 4 × 4 array prototype is designed and measured, which verifies the design method proposed in this paper and the characteristics of wideband and high efficiency. All in all, the proposed antenna array is a valuable candidate for modern wideband and high-gain antenna application.
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